JT. Dynamic first pass 3D EPI of the prostate: accuracy in tumor location. Acta Radiol 2004;45:584-590. Purpose: To evaluate the potential of dynamic contrast enhanced (DCE) 3D EPI in the location of prostate cancer. Material and Methods: A DCE 3D EPI scan was included in the magnetic resonance imaging protocol for prostate examination. Twenty-eight patients who subsequently underwent radical prostatectomy were included in the study. T2-weighted (T2W) Turbo Spin Echo (TSE) images were initially evaluated by two radiologists. Parametric images reflecting contrast enhancement were added and new evaluations performed. The results were compared with histology from resected specimens. Accuracies and interobserver agreements were calculated. Results: Interobserver agreement was k w~4 9¡3% for the T2W technique and k w~3 0¡3% for the combined techniques. No statistically significant advantages were found for location of tumor in the prostate or in the seminal vesicles by adding the DCE information. Conclusion: DCE 3D EPI did not improve tumor location compared with that of T2W TSE images. Further investigation is needed on how best to exploit the DCE technique.
The Prostate Specific Antigen (PSA) test has improved sensitivity in detecting prostate cancers. To facilitate optimal treatment, diagnostic imaging procedures are challenged with regard to localizing, delineating, and staging the cancers.
Magnetic resonance imaging (MRI) with an endorectal surface coil produces high-resolution images which resolve anatomical details of the prostate excellently. The best tumor delineation is obtained using T2 weighted (T2W) images (8) . However, signal intensity in conventional MRI of the prostate is descriptive of tissue density rather than tissue type (19, 20) . A number of benign pathologic conditions, such as scars, hyperplasia, and prostatitis, may mimic the signal characteristics of cancer (8, 19, 20) . The change of tissue characteristics of welldifferentiated cancers can be subtle with regard to tissue composition, making these lesions impossible to detect on T2W images (11) . This limits the diagnostic value of conventional MRI. Techniques assessing cancer-specific properties of the tissue are in demand.
Early studies concluded that conventional contrast-enhanced images did not add diagnostic value (10, 15) . However, BROWN et al. (3) investigating the use of bolus-enhanced imaging found that early-phase dynamic images enabled better tumor delineation than late-phase images. Experience with fast dynamic imaging of bladder and breast cancer indicated that malignant lesions show faster contrast enhancement than benign ones. Based on these observations, JAGER et al. (12) performed a study to evaluate fast dynamic contrast-enhanced (DCE) imaging of prostate cancer. They applied a singleslice Turbo Fast Low-Angle Shot (FLASH) technique with a time resolution of 1.25 and 2.5 s per frame. The Turbo FLASH technique performed consistently better than the conventional T2W. However, the method suffered the limitations of a single-slice technique. The DCE images were positioned to include tumors found in T2W images if they existed. In these cases, the DCE images would seldom add any diagnostic information. The method failed to improve diagnostic performance to a statistically significant level (12) . For efficient tumor localization it is crucial that the imaging technique is capable of covering the entire prostate volume with sufficient spatial resolution.
With the introduction of 3D echo planar imaging (3D EPI), it became possible to cover the entire prostate volume in imaging times of less than 3 s. Consequently, the use of DCE in tumor detection and location was facilitated. The purpose of this study was to assess whether a high temporal resolution DCE 3D EPI sequence improves the localization of prostate cancer.
Material and Methods

Patients
All patients referred to our facility for MRI of the prostate after biopsy diagnosed prostate cancer were offered an extended MRI examination as part of disease staging. Twenty-eight consecutive patients who subsequently underwent radical prostatectomy were prospectively included in the study. Age range was 51 to 69 years, with a mean of 60 years. Imaging was performed 4-6 weeks after biopsy.
MR imaging
The MR examinations were performed on a Philips ACS-NT (1.5T) system with Power Track 6000 gradients. An endorectal coil was applied. A T1weighted DCE 3D EPI scan was included in the standard MRI protocol, including sagittal and transverse T2W Turbo Spin Echo (TSE) images. Transverse T2W TSE images were obtained with the following parameters: repetition time~2776 ms, echo time~140 ms, field of view~1806126 mm, matrix~5126256, number of slices~10, slice thickness~5-7 mm, turbo factor~24, number of samplings~6, scan time~4:42 min. The Dynamic 3D Multi-shot EPI sequence was implemented with the following parameters: repetition time~55 ms, echo time~8 ms, flip angle~27 ‡, field of view1 806126 mm, matrix~2566108, number of slices1 0, slice thickness~5-7 mm, number of sam-plings~1, EPI factor~19 and spectral fat suppression (SPIR). A total of 100 dynamic frames were scanned with a time interval of 2.83 s, resulting in a total imaging time of 4:43 min. Slice thickness was chosen to ensure imaging of the entire prostate. A lower limit of 5 mm was applied to ensure sufficient signal-to-noise ratio and temporal resolution. Positioning, field of view, and slice thickness were identical for the two sequences. An intravenous bolus injection of 0.1 mmol gadopentetate dimeglumin (Magnevist; Schering, Berlin, Germany) per kg body weight was given manually as a ,10 s bolus at start of the dynamic sequence. The bolus was flushed with isotonic saline solution.
Histopathology
Radical perineal prostatectomy specimens were weighed, measured, and fixed in formalin before sampling. To facilitate orientation, the apex and anterior and posterior parts of the glands were marked with different colors. The prostate was examined in serial sections cut at 5 mm starting perpendicular to the distal urethra. Apex was cut into 5-mm sagittal slices. The slices were paraffinembedded, sectioned, and stained with hematoxylin and eosin. All sections were evaluated microscopically for carcinoma. Tumor outlines were drawn with ink on the slices and transferred to standardized anatomical maps showing transverse slices through the prostate (including the base), and coronal projections of the apex and seminal vesicles. The carcinomas were graded according to the Gleason system (7) . Growth patterns present in more than 10% of the tumor volume were recorded. All cancers larger than 100 mm 3 were included.
MRI data analysis: post-processing
A software package for post-processing, developed using Interactive Data Language (IDL Research Systems, Col., USA), was applied to produce a collage of parametric images describing the enhancement pattern of each slice. This collage was saved as a 16 bits grey-scale image and subsequently evaluated by the radiologists using Osiris (Digital Imaging Unit, University Hospital of Geneva, Geneva, Switzerland). Corresponding MPEG movies were also made to facilitate easy visual inspection of the enhancement.
The processing comprised the following: To reduce the amount of data the images were cropped according to a user-defined rectangular region of interest (ROI), including the prostate and adjacent tissues. This ROI was drawn conservatively in order to include any extracapsular tumor extension.
Pixel intensity curves were extracted and normalized (i.e. divided by their baseline value). The rate constant k ep was found by curve fitting applying the pharmacokinetic model of TOFTS et al. (22) . In this model, plasma contrast concentration is calculated from the pharmacokinetic properties of Gd-DTPA. Hence no measurement of an arterial input function is required. After smoothing the curves with an IDL native Savitzky-Golay filter, parametric images describing time to peak, maximum enhancement, wash-in and wash-out slopes were calculated.
The parametric images were fitted with a color bar and scaled so that the gray scale spanned by prostate tissue (according to a user-defined ROI defined by the author) fitted within 16 bits. The maximum value before scaling was annotated to the color bar to link color and parameter values. Images were then mounted in the collage.
The calculations were repeated after applying a convolution with a 36363 kernel (x, y, and time dimensions) to the raw data. This resulted in a significant gain in signal-to-noise ratio at the cost of lower effective resolution. Both image sets were available for the radiologists' evaluation.
Diagnostic interpretation and statistics
Two radiologists evaluated images separately. First, only the T2W images were made available. Then a new evaluation was done with both techniques available. Time intervals between evaluations were arbitrary.
Image evaluation was done by sections in accordance with the histology map. Apex and base were identified as the first and last transverse image slices containing prostate tissue. If the number of MRI slices between base and apex did not match the corresponding number of histology slices, a translation was performed by manual interpolation of the histology maps. Assessments on seminal vesicles, apex, and base were given for the left and right hand sides separately. For slices between apex and base, an assessment was given for each quadrant. The anterior-posterior division was done in a 2:1 ratio so that the smaller posterior quadrants would typically comprise mainly peripheral zone tissue. Each defined part was given a score between 0 and 4, indicating the probability of cancer involvement. The scale was: 0~cancer is not present, 1~cancer is probably not present, 2~cancer may be present, 3~cancer is probably present, 4~cancer is present.
The criterion for cancer in T2W images was a homogeneous hypointense lesion. For the DCE technique a large k ep , a short time to peak, a large wash-in slope, a large enhancement, and a pronounced washout were considered to be diagnostic criteria of cancer. For the combined techniques, scoring was based on an overall impression.
Results were compared using ROC plots. The non-parametric area under the ROC curve was chosen as an index of accuracy. Areas and their standard errors were calculated using Wilcoxon statistics as described by HANLEY (9) . Interobserver agreement and agreement between the methods were assessed using weighted kappa k w (1, 6) . Statistical standard errors were calculated under the assumption that each image section represents an independent measurement.
Results
Parametric images were successfully calculated from the enhancement curves of the 3D EPI technique. Outcome for one slice is shown in Fig. 1 . Investigator 2 was erroneously exposed to the DCE data of 5 patients before his interpretation of the T2W images. These examinations were excluded from the analysis. The probability of cancer involvement was assessed for 604 prostate image sections and 56 seminal vesicles by investigator 1 and 508 image sections and 46 seminal vesicles by investigator 2.
Tumor detection accuracies (i.e. areas under the ROC curves) were calculated for each position, technique, and investigator (Table 1 ). There were no statistically significant differences between the methods for any position. All over tumor detection accuracies of the T2W technique were 58¡2% for investigator 1 and 58¡3% for investigator 2. Interobserver agreement was k w~4 9¡3%. Corresponding results for Fig. 1 . A T2W TSE image is shown along with corresponding parametric images describing k ep (denoted k/v), wash-in slope, maximum enhancement, mean washout slope and time to peak (denoted TTP). A hypointense lesion can be seen in the right anterior peripheral zone of the T2W image. The parametric images reveal a fast enhancing lesion with a pronounced washout considered to be classical signs of malignancy. Histology confirmed a Gleason score 7 cancer in the right posterior of this prostate. The gray scales of the parametric images are stretched for optimum visualization of the prostate tissue. Hence noisy surrounding tissues are saturated. Numbers indicate the maximum value of the parameter measured within the prostate and correspond to the brightest signal of the color bar. the combined techniques were 59¡2% and 57¡3%; interobserver agreement was k w~3 0¡3%.
Agreement between the techniques was k w5 1¡3% for observer 1 and k w~4 2¡4% for observer 2. ROC plots for anterior and posterior quadrants are shown in Fig. 2 .
Sensitivities for tumor detection were assessed for
Gleason score categories 2-6 and 7-8. Results are shown in Fig. 3 .
Discussion
Contrast enhancement in MRI of prostate cancer has been studied by several investigators and has shown variable benefit (3, 10, 12, 15, 23). The relatively fast equilibration of MR contrast media between intravascular and interstitial space in the prostate puts stringent requirements on DCE imaging. A high temporal resolution is needed to resolve the difference between malignant and benign enhancement patterns. This has limited most studies on DCE imaging to single-slice techniques. However, imaging of the entire prostate volume with satisfactory spatial resolution within 3 s became possible with the introduction of 3D EPI. This facilitated the use of DCE MRI in prostate cancer location. In this study, a DCE 3D EPI technique was implemented in the standard MRI prostate protocol. Tumor location by combining the T2W and DCE techniques was compared to that of T2W alone. Results were compared to histology data from radical prostatectomy specimen.
The accuracies of the combined techniques are identical to those of the T2W within the statistical errors. The index of accuracy presented in our work is equivalent to the area under a ROC curve as calculated by the trapezoid rule (9) . This is known to be lower than the true area under the ROC curve and to be sensitive to the positioning of data points along the curve. A visual inspection of our data revealed only small deviations in data-point positions between the techniques. Hence, the comparison of accuracies within the study is valid. Comparison between studies, however, is not facilitated.
The equal performance in tumor location of the T2W and the combined techniques is in accordance with results from studies done with the fast DCE single-slice technique (12) and slower DCE multislice techniques (3, 16, 21) . In our histology maps, no distinction was made between peripheral zone and central gland. For this reason our analysis is based on geometrical rather than anatomic subdivision of slices. The division was made asymmetric so that the posterior quadrants would predominantly consist of peripheral zone tissue. Hence, results on posterior quadrants may be assumed to characterize peripheral zone tumor location.
Studies assessing the discrimination between cancer and peripheral zone by DCE parameters (4, 14, 17, 18) have reported only partial overlap in the enhancement factor, time to peak, rate constant, permeability, and leakage volume. These studies do not address whether this discrimination is equally well done in corresponding T2W images. From our results, this may be the case for the enhancement factor, the time to peak and the rate constant at least. However, owing to the limited agreement between techniques we cannot conclude that this DCE information is redundant. For a proper calculation of permeability and contrast leakage volume, a pre-contrast T1 measurement is needed (22) . This was not performed in our study.
In a recently published work (13), KOH et al. point out that contrast enhancement in the prostate may be better described by a three-compartment model, i.e. the intravascular compartment and two kinetically distinct leakage spaces. As the tissue structure is broken down, glandular lumen may become available for the contrast agent. Further investigation is needed to determine whether such detailed modeling may increase the diagnostic performance.
There was fair agreement between observers on the T2W and poor agreement on the combined techniques. This is contrary to the findings of JAGER et al. (12) , who found strong interobserver agreement both with and without DCE images. Our results may partly be explained by a mismatch between the thresholds applied by the two investigators when scoring. As the diagnostic implications of the different enhancement parameters are better understood, more stringent criteria can be defined and interobserver agreement will probably increase.
In some areas the combined technique performed inferior to the T2W, although the T2W images were available in both settings. This may indicate that the DCE images in some cases are misleading. It is known that benign conditions like prostatitis and benign prostatic hyperplasia (BPH) may mimic the enhancement patterns of cancer. Misinterpretation of such findings will reduce accuracy of the combined techniques.
TURNBULL et al. (23) investigated the differentiation between prostate cancer and BPH. They found that cancer showed a higher initial slope and exchange rate than both fibro-glandular and fibromuscular BPH. However, their study was considered preliminary and was based on a small number of patients. The malignancy criteria employed in our study is in accordance with the findings of TURNBULL et al. In the anterior gland we find diagnostic performance to be zero for both techniques. This site mainly comprises the central Fig. 3 . Sensitivity is calculated for high Gleason score 7-8 tumors (squares) and low Gleason score 2-6 tumors (triangles) and plotted against 1-specificity. Plot (a) shows the results of investigator 1 and plot (b) those of investigator 2. Open symbols represent the T2W technique alone and filled symbols the combined technique. Sensitivity tends to be higher for the high Gleason score category. There is a significant overlap between the techniques in most data points. Specificity is calculated considering all involved sections (i.e. irrespective of Gleason score category) to be positive. Error bars show the statistical standard error (SE). gland, where BPH is abundant. Hence, our results suggest that discrimination between cancer and BPH fails. This is in accordance with the findings of PADHANI et al. (17) , who found a complete overlap between enhancement patterns of cancer and the central gland.
Detection of lower Gleason score cancers was not improved by the addition of DCE, as can be seen from Fig. 3 . Sensitivities of both T2W and the combined techniques are higher for the higher Gleason score category. In the case of T2W this is in accordance with the findings of IKONEN et al. (11) . JAGER et al. (12) observed the same for DCE images but had insufficient statistics to be able to draw any conclusions. The notion that DCE images would help depict cancers with insufficient morphological changes (i.e. low Gleason score) to be diagnosed on T2W images is not supported by these results.
Adding DCE MRI did not improve detection of seminal vesicle invasion in our study. This is in conflict with the findings of OGURA et al. (16) , who reported superior accuracy in detection of seminal vesicle invasion using DCE imaging compared to accuracies published for T2W techniques. Their conclusion, however, is likely to rest on an artifact of their index of accuracy. Their material contained no positive seminal vesicles on histology; hence the high accuracy was achieved without correctly diagnosing a single seminal vesicle invasion. BROWN et al. (3) and HUCH BÖ NI et al. (10) find that contrast-enhanced images are superior to T2W images in delineating involvement and may increase diagnostic confidence. There is no explicit evidence, however, for a gain in detection efficiency. Seminal vesicle invasion is considered a contraindication for radical prostatectomy. Hence the patient material of any study based on prostatectomy specimens will be selection-biased to include at most the ambiguous cases. The accuracy obtainable with the DCE technique on seminal vesicle invasion is probably more efficiently assessed in a study using histology from biopsies or a balanced subset from a larger population.
This study was limited to investigating cancer location by utilization of traditional criteria for malignant versus benign enhancement patterns. Several investigators have found intriguing differences between vascular properties of metastatic and non-metastatic cancers (2, 5) . Utilization of information from DCE images in patient prognosis remains to be explored. A 3D technique covering the entire gland such as the one employed in this study is ideal for such use.
Statistical errors were calculated without regard to the paired nature of our data or to any correlation between prostate quadrants. Although a stringent statistical analysis of the data would require these effects to be accounted for, given the small and inconsistent differences found, it is unlikely that a more elaborate statistical analysis would affect the conclusion of this study.
In conclusion, parametric images describing contrast-enhanced curves evaluated using classical signs of malignancy do not improve the accuracy of tumor location compared to those of T2W TSE images. If DCE is to become useful in the location of prostate cancer it is mandatory that the enhancement signatures of the many benign lesions are understood and may be differentiated from those of cancer.
